The inertial effect on the dynamic strength enhancement of concrete-like materials has been widely concerned and its influence on the dynamic tensile strength is particularly controversial, causing great disturbance to dynamic measurement. Therefore, both the experimental and the numerical analyses on the tubular specimens of concrete-like materials are conducted to further investigate the degree of inertial effect under dynamic direct tension. The inertial effect is one of the structural effects, and therefore the tubular specimens with different inner diameters are employed to demonstrate the different influences of inertial effect on the dynamic tensile strength of concrete-like materials. The experimental and numerical results indicate that the inertial effect has some influence on dynamic tensile strength, which increases with strain rate. In addition, the surface area of concrete-like materials will be greatly affected by inertial effect under dynamic tensile loading.
Introduction
Concrete-like materials (e.g. concrete, granite, and mortar) can always be found in common or military infrastructures, and these structures of concrete-like materials will possibly be suffered by dynamic loading from natural strikes or artificial impact. Especially in particular facilities, concrete-like material structures will also inevitably be loaded by impact, like the resistance of concrete dam and ocean platform to the hydrodynamic pressure of flood and tsunami or the crash defense of military installations to emergencies. In the design of these structures, there are two important mechanical properties required to ensure the structures' operational safety under extreme natural and unexpected conditions, namely, dynamic tensile and compressive strength. The dynamic tensile strength controls tensile failure (e.g. spalling, fragmentation, and scabbing) and it is much smaller than the dynamic compressive strength that dominates compressive failure (e.g. perforation and penetration).
It is widely agreed that both the dynamic tensile and compressive strengths of concrete-like materials obviously increase with strain rate in the range of 10-10 3 s −1 . In addition, the radial confinement caused by the mass inertia of specimens also causes the dynamic compressive strength enhancement of concrete-like materials in dynamic compression, which is called as the inertial effect Zhang et al., 2009) . With a three-dimensional (3D) discrete element method, Hentz et al. (2004) found that the inertial effect cannot explain the increase of dynamic tensile strength alone and the rate sensitivity is an intrinsic effect. Without considering the strain rate effect, Lu and Li (2011) employed a hydrostatic-stress-dependent macroscopic model to study the dynamic tensile properties of concrete-like materials in three types of dynamic tensile tests (namely, dynamic tensile tests, dynamic splitting tests, and spalling tests) and the dynamic tensile strength enhancement was little, meaning that the tensile strength enhancement with strain rate is the genuine property of concrete-like materials. Zhang et al. (2016) conducted laboratory experiments and numerical simulations to analyze the influence of inertial effect and rate effect in concrete-like materials using the three types of dynamic tensile tests and discovered that the rate effect dominates the dynamic tensile strength enhancement of concrete-like materials. Cotsovos and Pavlović (2008) believed that the inertial effect is responsible for the dynamic tensile strength enhancement and the influencing factors include the mass of specimens and boundary conditions. A numerical investigation made by Zhou and Hao (2008) who imposed a mescoscale model considering both strain rate insensitivity and sensitivity showed that the inertial effect will become more significant to the dynamic tensile strength of concrete-like materials when the strain rate is higher than 1000 s −1 .
Present results are with contradiction about the inertial effect in dynamic tension with each other. The influence of inertial effect has a great relation with the resistance of concrete-like materials against dynamic tensile loading, which relates to the design of concrete-like material structures in different environments. The inertial effect is a structural effect and its contribution to dynamic tensile strength will change with different specimen structures. Zhang et al. (2009) used tubular mortar specimens to demonstrate the influence of inertial effect on the dynamic compressive strength. The above-mentioned tensile results (Cotsovos and Pavlović, 2008; Hentz et al., 2004; Lu and Li, 2011; Zhou and Hao, 2008) are all based on numerical simulations to study the inertial effect in dynamic tension. Comparison between experiments and simulations in Zhang et al. (2016) can only demonstrate that the numerical results based on their experiments are more convincing but still could not provide the most direct proof of whether the inertial effect affects the dynamic tensile strength in real experiments, unless there is a new testing to verify these numerical results. Therefore, it is significant to further investigate the inertial effect of concrete-like materials under dynamic tension.
In this study, tubular specimens are introduced to further study the inertial effect on the dynamic tensile strength enhancement in both laboratory experiments and numerical simulations. The experiments are described in section "Experiments" that is followed by the numerical simulations in section "Numerical simulations." Results are presented in section "Results" and discussions are in section "Discussion." Finally, conclusions are summarized in section "Conclusion."
Experiments
To eliminate the influence of asymmetrical stress caused by heterogeneity of mortar specimens, dumbbell specimens are employed in quasi-static direct tensile experiments. The composition of dumbbell specimens used for quasi-static direct tensile tests and tubular specimens for dynamic direct tensile tests are shown in Table 1 .
According to the "Standard for test method of mechanical properties on ordinary concrete (GB/T 50081-2002 (GB/T 50081- , 2002 ," raw materials (cement, sand, and water) must be stirred well and filled in steel molds before sufficient vibration. After 24 h, the specimens are taken out of the molds and preserved for 28 days in a standard curing box where the humidity and temperature are more than 95% and 20 ± 2°C, respectively.
The mortar specimens have serious problems of eccentric loading and stress concentration in the uniaxial tensile testing because they naturally have strong heterogeneity. Therefore, the mortar specimens for quasi-static tensile tests are designed as having dumbbell structure, as shown in Figure 1 .
The diameter of the tubular specimens is 75 mm and the inner diameters are 0, 12, 24, 32, and 50 mm, respectively. The tubular specimens are made in steel molds with plastic pillars standing in the middle, as shown in Figure 2 .
Quasi-static tensile tests
The quasi-static strength is the basis for dynamic research and quasi-static tensile tests should be conducted before dynamic tensile experiments. In this article, deformation control with 0.01 mm/ min is used in the WDW-100C type microcomputer control electronic universal testing machine, as shown in Figure 3 .
Two ends of the specimens are polished to ensure parallelism. Loading plates and the specimens' ends are bonded with Super Glue, the tensile and shear strengths between steel and the steel surface are both higher than 20 MPa (largely higher than the tensile strength of the mortar).
The tensile strength of the mortar specimens in quasi-static direct tensile tests can be calculated by the strength definition through the following equation
where P s is the quasi-static tensile strength of the mortar specimens, F p s − stands for the peak loading, and r o is the radius of the effective tensile section in the dumbbell specimens.
Dynamic direct tensile tests
The split Hopkinson tension bar (SHTB) is usually employed to study the dynamic tensile strength of concrete-like materials in laboratory, mainly including the incident bar, transmitter bar, specimen, projectile, and strain gauges, as shown in Figure 4 . The dynamic tensile stress, strain, and strain rate of the tubular specimens can, respectively, be obtained using the following equations 
where P t d ( ) is the dynamic tensile stress of the tubular specimens at time t; A b and A s are the cross-sectional area of the Hopkinson bar and the tubular specimens, respectively; E b stands for the elastic modulus of the Hopkinson bar; ε i t ( ), ε r t ( ) , and ε t t ( ) are the strain signals of the incident, reflected, and transmitted waves, respectively; ε d t ( ) is the dynamic tensile strain of the tubular specimens at time t; c b is the stress wave velocity of the Hopkinson bar; and l s stands for the length of the tubular specimens.
A high-strength structural adhesive (YK-9811A) is used to glue the Hopkinson bars and the tubular specimens and its tensile strength can reach 55 MPa. Moreover, the external ends of the surface between the Hopkinson bars and the specimens are wrapped by several layers of steel wires and fastened by the high-strength structural adhesive. Without any inseparable connection problems, the fracture of the tubular specimens is prone to occur in the middle, as shown in Figure 5 .
After the experiments, the angle grinder, steel wedge, and acetone are all used to clear the Hopkinson bars and this removal process will take 1-2.5 h.
The soft rubber pieces of 20 mm diameter and 1.5 mm thickness are employed as pulse shapers after trial tests, to ensure the stress equilibrium and eliminate the wave oscillation. The pulse shapers and a typical pulse signal from the strain gauges in an experiment are shown in Figures 6 and 7, respectively.
Numerical simulations
The linear Drucker-Prager (D-P) model that is usually used to simulate concrete-like materials in ABAQUS is defined as where p is the hydrostatic pressure, β stands for the slope of the linear yield surface in the p-L stress plane and is also known as the internal friction angle of materials, d is the quasi-static cohesion of materials, and L stands for the pseudo-effective stress. The quasi-static cohesion of materials d and the pseudo-effective stress L are, respectively, defined using the following formulas
where f t is the uniaxial tension yield stress, r is the third invariant of the deviatoric stress, q stands for the von Mises equivalent stress, and k is the ratio between the triaxial tensile and compressive strengths. Considering the strain hardening/softening, rate sensitivity, and the pressure dependence, Park et al. (2001) performed the parametric analysis of concrete-like materials through the D-P model. Based on Poisson's effect of concrete-like material, the radial deformation of the specimens will happen when the axial deformation appears. However, there is not enough time for some mass points in the specimens to be motivated immediately because of the inertia under dynamic loading, which will cause radial confinement against radial deformation of the specimens. Therefore, the hydrostatic pressure of the specimens will change if the inertia-induced radial stress exists. The dynamic tensile strength may be influenced by the hydrostatic pressure since the yield behavior of concrete-like materials depends on the hydrostatic pressure. The real strain rate effect is generally accepted as the material's property and it can be described by the relationship between strain rate and dynamic increase factor (DIF), as shown in the following formulas (Hao et al., 2012) . log . ,
where DIF is the ratio of dynamic to quasi-static tensile strength and  ε s stands for the strain rate of the specimens. The values of the dilation and internal friction angles are both taken to be 40°, and the value of the flow stress ratio is 1. The parameters of numerical simulations in this study are shown in Table 2 .
In laboratory, the incident stress can be calculated using the elastic stress wave formula and the strain gauge signal on the incident bar. To be consistent with experiments, the t amplitude in numerical simulations is determined by the incident stress of the tubular specimens with 50 mm inner diameter under 0.80 MPa air pressure through smoothing, as shown in Figure 8 . Concrete-like materials are particularly brittle, and their deformation in laboratory testing is not obvious. Their mechanical behavior can be described using stress and strain. Under uniaxial loading, the specimen's stress of concrete-like materials initially shows an elastic increase with strain and reaches the peak stress through a short damage softening process. After that, the stress decreases with the strain. The quasi-static tensile stress-strain relationship in numerical simulations is introduced by the "Code for design of concrete structures (GB 50010-2002 (GB 50010- , 2002 ," as illustrated in Figure 9 .
In addition, the tubular specimens' inner diameter is also the same as that in the laboratory, and the elements in different tubular specimen models are specially designed. The nodes of the tubular specimens and the Hopkinson bars are in correspondence without exception, as illustrated in Figure 10 .
Results

Experimental results
The dynamic stress equilibrium should be checked by the axial stress equilibrium formula (Lu and Li, 2010) The length of the incident bar is the distance from the strain gauge on the incident bar to the interface between the specimens and the incident bar. Figure 8 . The loading amplitude for numerical simulations. where P t 1 ( ) and P t 2 ( ) are the average axial forces of two interfaces between the specimen and the Hopkinson bars.
R t P t P t P t P t ( )
The axial stress equilibrium in dynamic experiments will be better when the value of R t ( ) is smaller. The stress equilibrium of the specimen has been checked through the incident, reflected, and transmitted waves, and the dynamic stress equilibrium factor is also observed, as shown in Figure 11 .
The stress state of the specimens in dynamic tests relates to the composition proportion, curing condition, degree of anisotropy, porosity, defects caused by microcracks, loading mode, and loading environment (such as confining pressure, temperature, and humidity), the dimensions and structure, final failure pattern of the specimens, and so on. From the laboratory results, the final failure pattern of the specimens presents three forms, namely, block fracture (B fracture), oblique fracture (O fracture), and plain fracture (P fracture), as shown in Figures 12 to 14 .
It can be observed from Figure 12 that the specimens with block fracture were ruptured into blocks with plain or oblique fracture surfaces. The block fracture is more prone to occur in highloading experiments and larger inner diameter specimens.
The pattern of oblique fracture means that the specimens have one fracture surface which is not plain but obviously zigzag or curved. In dynamic tensile experiments of the mortar specimens, the stress wave can spread across the weaker interface between cement matrix and sand, which causes the oblique fracture. The occurrence rate of oblique fracture in the mortar specimens is lower than that of the concrete specimens.
The failure mode of plain fracture may cause a comparatively flat or smoothed fracture surface. The higher loading easily induces oblique fracture and the smoothness of the fracture surface seemingly relates to strain rate, that is, the fracture surface becomes smoother at a higher strain rate.
The stress, strain, and strain rate can be calculated from equations (2) to (4), respectively. The relationship of stress and strain under various strain rates and different inner diameters are shown in Figures 15 to 17 .
From Figure 15 , the stresses initially increase with the strain and reach the peak, and after that most of them gradually decrease. However, affected by continuous loading and heterogeneity, some tubular specimens' stresses decrease and enhance after reaching the peak. Because of the heterogeneity, the specimens cannot fully complete the enhancement caused by the strain rate effect in the whole specimens under dynamic tension. Different regions have different degrees of strain rate effect, which leads to the continuous increase of stress after peak as shown in the stressstrain curves of the tubular specimens of 50 mm inner diameter at the strain rate of 37.52 and 43.44 s −1 .
The stress-strain relationship in Figures 16 and 17 shows the same principle that stress enhances with strain. The heterogeneity influences the stress rising process, especially like solid specimens at 56.90 s −1 . The stress increases to the peak point which is nearly equal to the quasi-static peak stress, then decreases, and soars to the second peak point due to the strain rate effect. In addition, the stress is also related to the fracture pattern. It seems that the block fracture (B fracture) has more thorough failure and higher dynamic tensile strength, which is easier to be further influenced by the strain rate effect.
The relationship of DIF and strain rate is shown in Figure 18 , and it is found that the apparent strain rate effect dominants the dynamic tensile strength of the mortar specimens, and the tensile DIF observably increases with strain rate, which is possibly caused by strain rate sensitivity and the inertial effect. The strain rate effect is considered as the genuine material effect, and the rising tendency of the mortar specimen's dynamic tensile strength is consistent without inertial effect. 
Numerical results
In numerical simulations, the specimens can be considered as heterogeneous, and the effect of strain rate and inertia on the dynamic tensile strength of the mortar specimens can be further investigated. The stress-strain curves from the simulated experiments are shown in Figure 19 .
From Figure 19 , it shows that stresses change with strain and have several ascents and descents even if they have peaks, which is similar to experimental results.
The DIFs and strain rates of the solid and tubular specimens with different inner diameters are shown in Figure 20 . The results from the solid and tubular specimens with small inner diameters (24 and 32 mm) are very consistent. However, the results of tubular specimens with a large inner diameter (50 mm) show higher growth trend, which indicates that the inertial effect indeed exists in dynamic tensile tests. Its influenced regions may concentrate on the edge zones in specimens.
Discussion
The experimental results of the solid and tubular specimens are dispersed. The inertial effect shows different influence in separated mortar specimens during dynamic direct tensile tests and is independent of the inner diameter. Rots and Borst (1989) found that the stress state in the specimens under direct tension is heterogeneous with asymmetric crack propagation. The heterogeneity of the specimens also possibly influences the distribution and degree of inertial confinement in experiments. Moreover, the total area caused by cracks, especially microcracks, is hard to be accurately quantified (Antony et al., 2017) . Ožbolt et al. (2014) also considered that the fractured surface area will be underestimated because of the inaccurate measurement of total fractured area. The fractured surfaces can primarily be categorized into four types, as illustrated in Figure 21 . Therefore, the evaluated dynamic tensile strength will undoubtedly be overestimated. The experimental data in laboratory tests have certainly individual representativeness and rational results in theory are all shown above. There are various influencing factors on the dynamic tensile strength of concrete-like materials. Results under special experimental conditions should be particularly analyzed and the regular performance of concrete-like materials needs to be further investigated, which will be the focus of future research.
From Figures 18 and 20 , the tensile DIF of tubular specimens with 50 mm inner diameter seems to become larger than that of specimens with smaller inner diameters. The difference between them is larger at higher strain rates, which means that the inertial effect on the dynamic tensile strength of concrete-like materials relates to the strain rate and is similar to the results in Zhou and Hao (2008) . Tubular specimens have different influence on DIF in experiments and numerical simulations, which can be explained by two reasons:
1. The inertia and strain rate effect may be coupled to influence the dynamic tensile stress.
The inertial and strain rate effects are separately considered in numerical models that cannot totally reflect the real testing condition. The effect period of inertia and strain rate could be overlapped and the mutual influence between them causes different enhancement. 2. In laboratory experiments, the unique factors of specimens account for a large proportion in dynamic mechanical performance, such as anisotropy, porosity, defects, and microcracks.
According to Zhang et al. (2000) , there are mainly two kinds of cracks in experiments, namely, microcrack and macrocrack. Microcrack is the chief cracking form in dynamic loading. These factors (anisotropy, porosity, defects, and microcracks) cannot be expressed or quantified in experimental results. They should be further studied to understand the real dynamic performance of concrete-like materials in the near future. However, it can be proven that the inertial effect exerts some influence during dynamic tensile tests. Its influenced regions can be validated through the distribution of hydrostatic pressure of solid specimens in numerical results, as shown in Figure 22 .
In Figure 22 , a half specimen is displayed and another half specimen is hidden to present hydrostatic pressure distribution. The hydrostatic pressure of the outside edge regions is really higher than that of the interior zones, and it will lead to enhancing confinement.
It can be explained that the inertial stress is the passive stress, and the value of inertial stress depends on the deformation speed. The interior region deforms slowly and the edge area in solid or tubular specimens undoubtedly has higher deformation rate, which causes larger inertial stress in the edge region in dynamic direct tensile tests. Hence, the radial stresses in both the edge area and the interior regions are originally in the same direction, and the radial stresses in the interior regions are larger. Thereafter, the value of radial stress in the edge area becomes larger in the reverse direction because of the inertial confinement. The phenomenon that the degree of inertial effect becomes larger also exists in similar hollow structure of mild steel specimens (Su et al., 1995) . Therefore, the inertial effect has different influence on the dynamic tensile strength of concretelike materials with different diameters, and the influencing degree of inertial effect in specimens with larger inner diameters should be greater than that of the specimens with smaller inner diameters under dynamic direct tensile loading. The inertial effect also has certain influence on hollow structures in engineering when it suffers dynamic tension, such as concrete transport piping facilities, expressway channel, and subsea tunnel.
The inertial effect is mainly defined as a structural effect; therefore, the experimental and numerical results in this study are still obtained in macroscopic scale. However, the micro-mechanisms of the inertial effect and the dynamic response induced by inertia in micro-scale also need to be studied to understand the dynamic tensile properties of concrete-like materials. In addition, the issue of whether the inertial effect and the strain rate effect are coupled could possibly be answered through multiscale models, where the inertial effect and the strain rate effect are essentially defined and their influence on dynamic strength can be tracked across different scales. Furthermore, the strain rate effect defined as the material property comes from the experimental phenomenon and its mechanism is still a mystery. Moreover, the initial definition of materials' strength is determined by the molecular bond at the micro-level and the strength should not be multiplied at high strain rates, which is contrary to the dynamic experimental phenomenon at the macro-level. Therefore, the above questions are needed to be deeply studied, and multiscale modeling or micro-techniques may bring some different phenomena or new explanations about the dynamic behavior in concretelike materials.
Conclusion
This article conducts the direct tensile experiments and numerical simulations, subjected to the tubular specimen of concrete-like materials, to further investigate the inertial effect on the dynamic strength. The inertial effect belongs to the structural effect, and the tubular specimens with different inner diameters demonstrate the variable of inertial effect.
The dumbbell specimens are introduced in quasi-static direct tensile tests to avoid the eccentric loading and stress concentration because of the strong heterogeneity of the mortar specimens. In dynamic experiments, the external surface between the Hopkinson bars and the specimens are wrapped by several layers of steel wires and fastened by the high-strength structural adhesive to enhance partially the specimen strength near the surface and ensure that the failure will occur in the middle part of the specimen instead of randomly appearing around the adhesive surface between the specimen and the SHTB bars.
Based on the studies above, the major conclusions could be obtained as follows:
1. Comparing the experimental and numerical results, it can be observed that the inertial effect indeed exists in dynamic direct tensile tests. Its influence on the dynamic tensile strength increases with strain rate. 2. The inertial effect relates to the structure and surface area of concrete-like materials which will be greatly affected by the inertial effect under dynamic tensile loading. 3. It is more significant in the edges of concrete-like material specimens under dynamic tension. Moreover, the dynamic tensile strength enhancement is likely caused by the coupling effect between strain rate and inertia.
Finally, the experimental and numerical results indicate that the inertial effect has some influence on dynamic tensile strength, which increases with strain rate.
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